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Abbreviations1 
 
Abstract 
Combatting climate change has risen to the top of the international policy discourse. 
Effective governance necessitates the generation of concise information on the costs-
effectiveness of policy instruments aimed at reducing atmospheric greenhouse gas (GHG) 
emissions. The marginal abatement cost curve (MACC) approach is a framework 
commonly used to summarise information of potential mitigation effort, and can help in 
identifying the most cost-effective managerial and technological GHG mitigation options.  
Agriculture offers key opportunities to mitigate GHG emissions and utilise carbon (C) sink 
potentials. Therefore, a number of countries have developed national agricultural MACCs in 
the last decade. Whilst these MACCs have undoubtedly been catalysers for the information 
exchange between science and policy, they have also accentuated a range of constraints 
and limitations. In response, each of the scientific teams developed solutions in an attempt 
to address one or more of these limitations. These solutions represent ‘lessons learned’ 
which are invaluable for the development of future MACCs. 
To consolidate and harness this knowledge that has heretofore been dispersed across 
countries, this paper reviews the engineering agricultural MACCs developed in European 
countries. We collate the state-of-the-art, review the lessons learnt, and provide a more 
coherent framework for countries or research groups embarking on a trajectory to develop 
an agricultural MACC that assesses mitigations both within the farm gate and to the wider 
bioeconomy. We highlight the contemporary methodological developments, specifically on 
1) the emergence of stratified MACCs; 2) accounting for soil carbon sequestration 3) 
accounting for upstream and downstream emissions; 4) the development of comprehensive 
cost-calculations; 5) accounting for environmental co-effects and 6) uncertainty analyses. 
We subsequently discuss how the mitigation potential summarised by MACCs can be 
incentivised in practice and how this mitigation can be captured in national inventories. 
We conclude that the main purpose of engineering MACCs is not necessarily the accurate 
prediction of the total abatement potential and associated costs, but rather the provision of 
a coherent forum for the complex discussions surrounding agricultural GHG mitigation, and 
to visualise opportunities and low-hanging fruit in a single graphic and manuscript.  
Keywords: agriculture; greenhouse gas emissions; marginal abatement cost curves; 
methodology 
1. Introduction  
Climate change has become one of the most pressing environmental problems of our day, 
with governments and intergovernmental bodies increasingly committing themselves 
politically and financially to mitigate greenhouse gas (GHG) emissions and adapt to the 
consequences of the changing climate. Financing climate action from national budgets and 
                                               
1
 CAP: Common Agricultural Policy, FADN: Farm Accountancy Data Network, IPCC-NI: 
Intergovernmental panel on Climate Change guidelines for national GHG inventories, LCA: Life 
Cycle Assessment, LULUCF: land use, land use change and forestry, MACC: marginal abatement 
cost curve 
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3 
creating supporting regulatory environment is a political process, which considers key 
aspects like environmental effectiveness, economic effectiveness, distributional and social 
impacts and institutional and political feasibility (IPCC 2014). In this context information on 
the costs-effectiveness reducing atmospheric GHG concentrations is essential to inform the 
climate related decision making process. 
The marginal abatement cost curve (MACC) approach is one of a number of frameworks 
used to summarise information of potential mitigation effort (IPCC 2014), in particular the 
costs and GHG mitigation benefits of intended actions. MACCs plot the marginal benefits 
from GHG reduction, and can suggest an economically optimal mitigation level (i.e. where 
the marginal costs equal the marginal benefits).They can help in identifying the most cost-
effective managerial and technological options (mitigation measures, i.e. actions that 
farmers and land managers can take) to meet GHG emission targets within and between 
economic sectors and countries and thus help to define an optimal carbon price. 
MACCs have been widely used as a way to integrate and communicate scientific and 
economic evidence to the policy makers. The earliest cost curves were used for energy 
efficiency assessment (Meier 1982) and soon they were informing decisions on other policy 
areas, like air pollution reduction (e.g. Rentz et al. 1994, Cowell and Apsimon 1998, Gough 
et al. 1995, Lanigan et al. 2015) and carbon-dioxide emission mitigation (Mills et al. 1991). 
MACCs were first applied for agricultural GHG emissions in the early 2000’s (Schneider 
2000, McCarl and Schneider 2000) and they soon proliferated. 
Three methodologies have emerged for creating MACCs in agriculture (Vermont et al. 
2010); 1) using market equilibrium models which depict how a bigger region’s economy 
would behave given the mitigation constraints (Schneider et al., 2007; Van Doorslaer et al., 
2015) 2) based on microeconomic models where behaviour of the individual farms is 
modelled to derive the marginal cost of abatement (De Cara et al. 2005) and 3) engineering 
(also called bottom-up) MACCs. These latter MACCs are built through aggregation of 
technical data, by compiling information on the costs and mitigation potential of mitigation 
measures one by one, calculating their average cost-effectiveness and then plotting them 
according to increasing cost-effectiveness. These MACCs bring together wide ranging 
information about the individual mitigation measures, well beyond their costs and mitigation 
potential, and inform mainly sectoral decision makers in designing policies supporting one 
or a group of mitigation measures (e.g. Scottish Government 2013, Department of 
Agriculture, Food and the Marine 2015). 
Agriculture, being a key contributor to anthropogenic GHG emissions (Tubiello et al. 2013) 
and at the same time offering C sink opportunities (Smith et al. 2013), is an important 
sector in the mitigation effort. Its role in mitigation is multifaceted as it is linked to food 
production and the provision of other ecosystem services, and is complicated by the risks 
of climate change that it is facing itself. Mitigation opportunities in agriculture have been 
addressed extensively in recent decades regarding their physical effectiveness, agronomic 
feasibility and socio-economic aspects. One of the first examples of an assessment of the 
cost-effectiveness of agricultural mitigation measures focussed on the European Union 
(EU) (Bates 2001); this study was part of an economy-wide report on GHG mitigation in the 
EU (Blok et al. 2001). Global, regional and national MACCs for agriculture have multiplied 
since (see e.g. a review by Vermont and de Cara 2010), driven mostly by the requirement 
of policy makers’ to understand and motivate mitigation in agriculture, and enabled by 
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4 
increasing amount of experimental and modelling evidence on the effectiveness of 
individual mitigation measures.  
A number of agricultural engineering GHG MACCs have been published in the last decade. 
The UK Government commissioned a series of such studies as part of economy wide 
analyses (Eory et al. 2015, IGER 2001, MacLeod et al. 2010; Moran et al. 2008). MACCs 
have also been developed for the agricultural sector in Ireland (Schulte et al. 2012), France 
(Pellerin et al. 2017), the United States (Biggar et al. 2013), New Zealand (Pape et al. 
2008), China (Wang et al. 2014) and for the dairy sector in the Netherlands (van den Pol-
van Dasselaar et al. 2013), while the Danish and Belgian MACCs address the whole 
economy (Cornet et al. 2013, Danish Inter-ministerial Working Group 2013). Denmark is 
currently updating its MACC concerning the agricultural sector (Dubgaard et al 2017, 
forthcoming). In Finland, GHG abatement costs have been calculated for many potential 
measures, while cost estimates have been found to be quite context specific; therefore, 
uncertainty estimates have been recently reported as integral parts of MACCs (Koljonen et 
al. 2017). Latvia has been working on a MACC and aims to publish it in the beginning of 
2018, however already some preliminary results and research approach has already been 
published (Naglis-Liepa et al., 2015; Popluga et al., 2015; Lenerts et al., 2017).  
These MACCs have been catalysers for the information exchange between science and 
policy. Findings of MACCs have been contributing to national carbon budgets and sector 
specific policies, and the integrative work has often highlighted key gaps in implementation. 
The subsequent debates have been driving research and policy action to overcome the 
implementation gaps, by reducing barriers in the uptake of cost saving measures and 
improving the national GHG inventories so that they mitigation efforts materialising on the 
ground can be captured, credited and thus incentivised. 
Being a popular and useful tool, MACCs have also invited criticism (Kesicki et al. 2011; 
Kesicki et al. 2012; Moran et al. 2011; Vermont et al. 2010). The key limitations commonly 
discussed relate to five broad aspects of the assessment: i) formulation and presentation of 
assumptions, ii) boundaries of the analysis, iii) representation of costs and non-financial 
barriers, iv) heterogeneity and uncertainty and v) inclusion or exclusion of co-effects.  
Each of the aforementioned national agricultural MACCs has developed solutions in an 
attempt to address one or more of these limitations. These solutions represent ‘lessons 
learned’ which are invaluable for the development of future MACCs. To consolidate  and 
harness this knowledge that has heretofore been dispersed across Europe, a workshop 
was held in December 2016 in Latvia, attended by representatives of six teams who have 
developed or are developing national agricultural MACCs and by representatives of 
countries where this tool has not been used yet. In this paper, we present the findings of 
the workshop and review the engineering agricultural MACCs developed in European 
countries. We highlight the contemporary methodological developments and discuss two 
questions of utmost importance for advancing the implementation of agricultural mitigation: 
1) how the mitigation potential summarised by MACCs can be incentivised in practice and 
2) how this mitigation can be captured in national inventories? 
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2. Main elements of a MACC and key steps of the process  
Experience of different countries shows that several approaches may be applied to 
analyses of GHG reduction activities, the choice of methodology being determined by the 
purpose of the assessment: what kind of emissions are considered, what kind of costs are 
calculated and what kind of information is available (MacLeod et al. 2015). To date, there 
has been no single harmonised methodology to generating agricultural MACCs; as a result, 
the national engineering MACCs examined in this paper show differences in their 
approach. However, they all share a number of fundamental characteristics. 
2.1 Boundaries of the analysis 
As national policy instruments, and often part of an economy-wide assessment, most 
MACCs present the abatement potential that relate to the boundary of the agriculture 
category in national inventories. This means that they are both spatially bound (limited to 
within-country emissions) and sectorally bound (limited to agricultural activities, i.e. 
emissions arising on farms), not quantifying the emissions outside the country of interest or 
outside the agricultural sector that are associated with the production of inputs or 
consumption of outputs. However, considering the impacts beyond the defined boundary is 
necessary to avoid emission leakage (Moran et al. 2011). A qualitative assessment could 
entail excluding measures which are likely to cause emissions leakage, or a life cycle 
assessment methodology can be used to expand the system boundaries to include the full 
cradle-to-grave chain of livestock products, as employed in the Irish MACC (O’Brien et al. 
2014).  
2.2 Selecting the measures 
Construction of engineering MACCs starts with the selection of mitigations measures which 
will be assessed in the exercise. In the context of meeting the twin objectives of food 
security and climate change mitigation, a variety of measures may be considered: i) 
measures that reduce absolute emissions without reducing food production, ii) measures 
that increase food production without increasing emissions and iii) measures that contribute 
to enhanced abatement in the wider land use sector through carbon sequestration and / or 
displacement of fossil fuels.  
The few hundred measures that have been suggested for GHG mitigation (see a list of 
studies e.g. in Frelih-Larsen et al. 2014) are commonly narrowed down to a manageable 
number of measures for each MACC study. Criteria include relevance to the policy 
questions, e.g.: Is the measure relevant and applicable in the agricultural system being 
studied? Are there any substantial negative consequences on productivity or on other 
environmental or animal welfare goals? Is the measure likely to be acceptable to farmers? 
To what extent should technical measures with low social acceptability be considered?   
The selection also needs to consider the broadness/scale of the measures. Measures can 
refer to individual management practices (e.g. fertilisation, tillage) or involve systemic 
transformations of farming systems (e.g. modifications of animal diets with associated 
transformations of crop rotations and fodder production). They can be described very 
specifically (e.g. covering slurry tanks with plastic tile floating cover) or very broadly (e.g. 
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6 
manure storage management). Using narrow definitions allows the use of very specific 
assumptions in the calculations, but requires the inclusion of high-resolution data and a 
much higher number of measures to cover a significant part of potential mitigation. 
However, specific definitions support the translation of findings into practical farm advice, 
reducing ambiguity around the management changes suggested on farms.  
2.3 Collecting and harmonising data  
MACCs cover a very broad interdisciplinary area and require a wide range of data from 
natural and social sciences. Projections about future mitigation potential are inevitably 
complicated by data gaps and the need to make assumptions. In this context, transparency 
is crucial, to facilitate both scrutiny and updates of the models (Kesicki and Ekins, 2012); 
the benefits of establishing a systematic review process for MACCs were emphasised by 
Moran et al., (2011).  
For each measure, three variables must be inferred from the research outcomes in order to 
compute its potential as a GHG mitigation option: i) its effectiveness in reducing emissions 
ii) the absolute quantity of emissions that the measure applies to (including where the 
measure is applicable and how much its uptake can be), and iii) the costs of implementing 
the measure (including losses or gains in production). Ideally, these variables are directly 
available in the literature, but in many cases expert judgement is required, particularly in 
relation to costs and likely uptake or applicability of measures.   
MACCs bring together quantitative data that has typically been generated by a wide range 
of individual studies. As a result, the assumptions underpinning the abatement potential 
and cost-effectiveness may differ for individual measures. In order to prevent ‘internal data 
conflicts’ a MACC requires that the underlying assumptions are harmonised across all 
measures. Examples include fertilizer application rates, prices of inputs such as fuels and 
fertilizers, and greenhouse gas emissions associated with the manufacturing of nitrogenous 
fertilizers (e.g. Schulte & Donnellan, 2012).  
2.4 Reference scenario 
GHG mitigation is calculated against a reference emission scenario related to a base year 
or against a projected reference emissions scenario, e.g. for the next 30 years. As 
agricultural activities (including the autonomous uptake of mitigation measures in absence 
of incentivisation schemes), prices, and technology change over time, the choice of the 
reference year is important. Slightly surprisingly, Vermont and De Cara (2010) found a 
positive significant effect of the baseline year on the abatement potential in a sample of 21 
agricultural MACCs. Use of past activity data reduces uncertainty of the estimations. 
However, policy makers often require estimations of future abatement potentials. In such 
cases, where prices, uptake, agricultural activity, etc. are projected, it is important to clearly 
report the underlying assumptions.  
2.5 Interactions 
Mitigation measures often involve changes that interact on or between farms; for example, 
increasing the legume content of the grass swards reduces the nitrogen fertilizer 
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7 
requirements and therefore impacts on the mitigation potential on all other measures 
related to nitrogen fertilisation. Though in the past in some engineering MACCs the 
measures abatement potential were are added up to calculate the cumulative abatement 
without considering interactions, the interactions can and should be included in engineering 
MACCs. This can be done for example by assuming mutually exclusive uptake of the 
measures (e.g. Beach et al. 2008) or via adjusting the abatement potential of the measures 
when calculating the cumulative abatement (e.g. Moran et al. 2008, Schulte et al.  2012). 
3. Lessons learnt from recent and ongoing projects  
3.1 Stratifying the farm population 
Temporal and spatial differences (i.e. heterogeneity) in emissions, practices, finances, etc. 
between farms are rarely captured in engineering MACCs beyond the disaggregation level 
achieved in national inventory calculations (Kesicki and Strachan 2011, Moran et al. 2011). 
MACCs based on micro-economic approaches can represent such heterogeneity (De Cara 
and Jayet 2000), but that methodology does not reveal much information about individual 
measures. Engineering MACCs commonly use estimated average values to describe the 
sector. One of the few exemptions is the cost-effectiveness analysis of mitigation options in 
the US agriculture (Biggar et al. 2013), where results are disaggregated by the main US 
regions and by crop type. Considering that MACCs can be used to help identify where 
policy interventions can be effective, and start dialogues with stakeholders on the best way 
to proceed (Van Tilburg et al. 2010), it is important to be cognisant whether average farms 
also are typical farms, and whether average sectoral data reflect sector heterogeneity. In 
describing the difference, Louhichi et al. (2010) state that the average farm could be 
defined as a virtual farm, i.e. not observed in reality. In order to reduce the uncertainty 
related to heterogeneity, a disaggregated approach, i.e. using data collected from multiple 
sources and on multiple measures, variables, or farms, can be used. 
Latvia is now developing a MACC for the agricultural sector using the disaggregated 
approach by first defining the typologies of farms (Naglis-Liepa et al. 2015). Cluster 
analysis was used to characterise farms by production intensity, commodity, economic size 
and other parameters required by MACC methodology (Bockel et al., 2012), based on 
statistical data from the Farm Accountancy Data Network (FADN). The cluster analysis 
identified the following three farm types: intensive indoor fodder based livestock farms; 
intensive cereal farms; mixed specialization and pasture based livestock farms. To account 
for farms not represented in the FADN dataset (more than half of the farms in Latvia) two 
more clusters were added: organic farms and small farms. Overall, the use of 
disaggregated approach was useful to identify customised GHG mitigation measures for 
each farm type. It elucidated that the highest potential in mitigation of GHG emissions is 
associated with large-scale intensive farms. 
3.2 Bringing carbon sequestration into the MACC  
Many authors have shown that a considerable abatement potential exist for additional 
carbon storage in agricultural ecosystems (e.g. Zomer et al. 2016, Paustian et al. 2016, 
Schulte et al. 2016). However, early engineering MACCs have focused exclusively on non-
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8 
carbon-dioxide emissions from agriculture, even though carbon dioxide (CO2) emissions 
from soils and energy use and C sequestration by biomass and soilscan have a significant 
effect on the total estimated abatement (Vermont and De Cara 2010). There are several 
explanations for this initial omission. Land use changes like afforestation or wetland 
restoration reduce agricultural production and may result in carbon leakage if the reduced 
production results in proportionally higher imports of feed and food (Schulte et al. 2012). 
This problem does not exist for land management practices such (e.g. reduced tillage, 
cover crops, straw return or adding biochar), but for these practices the expected 
abatement has been considered to be either low in some contexts (if the measure is 
already widely adopted for instance) or still highly uncertain (see for instance Virto et al. 
2012 and Dimassi et al. 2014 about reduced tillage). Furthermore, the expected abatement 
could not be accounted for under most current national inventory systems. Indeed, the EU 
Climate and Energy Framework for 2020 does not consider abatement potential arising 
from land use, land use change and forestry (LULUCF) other than to ensure debits arising 
are added to Effort Sharing Decision targets. This is especially the case for measures that 
involve land management, rather than land use change. The French MACC constituted one 
of the first attempts to consider a wide range of technical measures targeting additional C 
storage in agricultural soils and biomass, besides more ‘conventional’ options addressing 
nitrous oxide (N2O) and methane (CH4) emissions (Pellerin et al. 2017). Measures such as 
agroforestry, hedges, reduced tillage, cover crops, increased lifespan of temporary 
grasslands and slight intensification of low productive grasslands were assessed. Despite 
cautious assumptions on their potential applicability (e.g. for agroforestry it was considered 
that only 7% of the maximum potential applicability would be reached in 2030) it was shown 
that measures targeting additional C storage accounted for 31% of the total expected 
abatement (when calculated under higher tiers than current inventory rules).  
Additonally to enhancing soil carbon sequestration direct soil GHG emissions can be 
reduced. Specifically, reclaimed organic soils that are intensively cultivated can be a 
significant source of CO2 and N2O emissions. In Finland for example, these emissions from 
cultivated peat soils account for more than half (7.6 Mt) of the total annual agriculture 
related emissions at national level (Statistics Finland 2015), even though the spatial extent 
of these soils is limited to 250,000 ha (12% of the utilised agricultural area). 
These emissions can be mitigated by raising the water table and possible production of 
paludicultural crops (Wichtmann et al. 2016). Raising the water table, combined with 
afforestation, e.g. downy birch trees (Betula pubescens), which can grow even on land with 
high water table, results in GHG abatement costs between €3.6-8.4 t CO2e
-1 (Luke 2016). 
However, these costs do not include the value of lost farm subsidy payments (current 
Common Agricultural Policy (CAP) subsidies are conditional on land being kept in good 
agricultural condition ). Alternative mitigation options for cultivated peat soils exist in the 
form of land use change from arable cropping to permanent grassland. The estimated cost 
of GHG abatement in Finland ranges between €6.4-20 t CO2e
-1 because it may result in a 
decrease in feed quality due to weed expansion (Rikkonen 2015). However, subsidy 
entitlements are not at risk under this option, making it a competitive and low cost option for 
extensive livestock farms. 
In a recent assessment of options for ‘climate-smart land management’ for atlantic 
climates, Schulte et al. (2016) showed that the cost-effectiveness of land use and land 
management options may be improved if management strategies are customised for 
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contrasting soil types. For example, they found that (partial) rewetting or extensification was 
the most cost-effective land management option on historically drained peat soils; 
afforestation was most effective on wet, marginal mineral soils outside NATURA 2000 sites, 
while technological solutions were most effective on well-drained cambisols. These 
measures will be included in the forthcoming second iteration of the MACC for Irish 
agriculture (Lanigan et al., unpublished results). 
3.3 Considering upstream and downstream emissions 
Almost all MACCs published to date have only considered direct GHG emissions occurring 
within the farm gate. Although this is consistent with sectoral or national policy-making 
purposes, this can be misleading at larger scale if proposed mitigation measures in the 
agricultural sector increase emissions in other sectors or elsewhere in the world. To 
address this question, O’Brien et al. (2014) compared two calculation methods: (i) the 
approach proposed by the Intergovernmental panel on Climate Change guidelines for 
national GHG inventories (IPCC-NI), which only considers on-farm emissions, and the Life 
Cycle Assessment approach (LCA), which considers all emissions related to a production 
process, including those occurring upstream and downstream from the farm. For Irish 
agriculture, the results of the MACCs obtained using these two calculation methods 
showed, on the one hand, that the choice of methodology hardly changed the ranking of 
measures in terms of cost-effectiveness. However, the cumulated cost-effective abatement 
potential computed with the LCA approach was almost double of that computed using the 
IPCC-NI approach. This means that, in the case of Ireland, only half of the total abatement 
potential could be captured in the national agricultural inventories, which presents 
challenges for incentivisation, as it may prove difficult to justify the expenditure of 
exchequer funds on sectoral measures that cannot be accounted for in the national 
inventory for that sector. The result also suggests that the majority of measures targeting 
GHG abatement in the national agricultural sector also impact on emissions in other 
sectors or countries. This is clearly the case for nitrogen fertilization: measures that reduce 
the consumption of nitrogen fertilizer (e.g. increased use of legumes) not only reduce N2O 
emissions, but also reduce energy use and GHG emissions occurring upstream from 
fertilizer manufacturing and transport. However, these latter benefits are commonly 
accounted for, either in other countries (e.g. where the fertilizer is manufactured), and/or 
other sectors (such as the energy sector). A similar conclusion was obtained from the 
French MACC. For most measures, the calculated abatement was similar or higher when 
using a LCA approach (Pellerin et al. 2017). A methodological challenge associated with 
the LCA approach is that the C-footprint of agricultural products strongly depends on the 
whole agro-industrial process and trade relationships in which the farm is embedded, 
whereas the IPCC-NI approach is easier to perform and more robustly delineated. A MACC 
based on the IPCC-NI approach, supplemented by estimates of emissions avoided or 
enhanced, both upstream and downstream, may provide the most pragmatic option.  
3.4 Comprehensive cost calculations 
Kesicki and Ekins (2012) and MacLeod et al. (2015) emphasise the limitations of cost 
accounting in engineering MACCs; these MACCs usually only consider the direct technical 
costs associated with the implementation of a measure and fail to account for opportunity 
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costs, transaction costs and public costs. Both the French and the Danish MACCs explored 
methodologies and considered some cost elements beyond the technical costs.  
A key question when calculating costs of mitigation measures is to decide which costs 
should be included. Inclusion or exclusion of state subsidies or taxes can considerably alter 
the calculated cost efficiency of the abatement measures and their ranking. In the French 
study, exclusion of state subsidies for anaerobic digestion (feed-in tariff for electricity 
produced using biogas) increased the cost from €17 to €55 t CO2e
-1. Conversely, exclusion 
of tax exemption on agricultural fuel reduced the cost of measures based on fossil energy 
savings. For instance, the costs of reduced tillage were reduced from €8 t CO2e
-1 under the 
current tax exemption system (implying a cost to the farmer) to €-13 t CO2e
-1 without tax 
exemption on fuels, which corresponds to a financial benefit for the farmer and thus a win-
win measure. In other words: higher energy prices increase the financial returns from 
reduced tillage. 
In addition to the losses and gains for farmers, private and public transaction costs 
associated with the proposed measures may also be considered. These “hidden” costs, 
which are rarely considered, reflect the time that farmers need to obtain technical 
information about the measure, assess its advantages and drawbacks in the context of his 
farm, make a decision, get the technical skills and to fill administrative documents required 
for the receipt of subsidies if any. Figure 1 illustrates an example from France where the 
calculated cost of some “win-win” measures (i.e. measures characterized by negative cost) 
may become positive when private transaction costs are included, explaining why these 
measures are not readily adopted by farmers (Pellerin et al. 2013). 
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Figure 1: Calculated cost of four mitigation measures related to nitrogen management including or not private transaction cost 
(adapted from Bamière et al. 2014). Private transaction costs were calculated according to Mettepenningen et al. 2007 
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In the Danish MACC, a policy instrument, e.g. a tax or a subsidy, is linked to each 
measure. The choice of instrument impacts on the public costs associated with each 
measure, and additionally on consumer choices (Dubgaard et al. 2017, forthcoming). For 
example, a subsidy to farmers for slurry acidification will add costs to public finances and 
may require increased taxation. This may reduce disposable income hence incentives to 
work, which in turn may affect the supply of labour. The Danish MACC accounts for the 
societal costs arising from these distortionary taxes. 
3.5 Accounting for positive and negative co-effects  
MACCs are designed to assess the cost-effectiveness of reducing one specific type of 
externality. As opposed to cost benefit analyses, they have the advantage of quantifying 
the environmental impact in physical units rather than financial units. Avoiding monetisation 
prevents the introduction of additional uncertainties to the analysis. On the other hand, this 
also constrains the analysis to a single impact category, without considering potential co-
benefits or trade-offs with other impact categories which may significantly alter the 
outcomes of the overall cost-effectiveness of a mitigation measure (Glenk and Colombo 
2011, Nemet et al. 2010). 
It has been well established that many GHG mitigation measures in agriculture and in the 
wider land use have significant co-effects, notably on air pollution (mainly NH3 emissions), 
diffuse water pollution (nitrate, organic nitrogen and P leaching), biodiversity and human 
health (Eory et al. 2017). It is possible to model multiple pollutants in integrated models 
(Amann et al. 2011), or in a series of independent models (Anthony et al. 2008), and this 
has also been implemented in equilibrium GHG MACCs (Schneider et al. 2007), NH3 
MACCs (Brink et al., 2005) and engineering GHG MACCs (Danish Inter-ministerial Working 
Group 2013, Eory et al. 2013). For example, the Danish MACC quantified co-benefits on 
the basis of either the costs associated with environmental damage and health costs 
(based on the value of statistical life) or the marginal abatement costs of compliance with 
binding international environmental obligations. For each measure, the higher of these two 
costs was used. Examples include prices for air pollution (nitrogen oxides, sulphur dioxide, 
particulate matter, ammonia), and emission of nitrogen to the aquatic environment. In the 
forthcoming MACC for the Danish agricultural sector the recreational value of nature will 
also be included. 
For some measures the value of the co-benefits (e.g. reduced emissions of nitrogen 
compounds), are so high that they outweigh the costs of GHG mitigation, resulting in a 
negative total abatement cost. In such cases, policy drivers other than GHG mitigation may 
prove decisive in incentivisation and implementation. 
A similar approach was used for the United Kingdom (Eory et al. 2013): however, inclusion 
of the effects of mitigation measures on nitrate, ammonia, phosphorus and sedimentation 
only slightly changed the total cumulative abatement potential up to a C price of £34.3 t-1 
CO2e. In the lowest damage cost scenario, the abatement potential decreased from 36.7% 
of the reference emissions without co-effects to 36.4% with co-effects, while it increased to 
42.2% using the highest damage cost scenarios.  
These advances are supporting joined-up policy making (Scottish Government 2017), but 
tend to cover only a limited range of co-effects. Usually neglected are those co-effects that 
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are i) inherently difficult to quantify or monetise (e.g. soil quality, animal welfare, 
biodiversity), ii) highly dependent on the spatial location of the mitigation (e.g. nitrogen and 
phosphorus leaching, recreation, biodiversity), iii) where the relationship between the GHG 
mitigation measures and the co-effects are less well explored (e.g. plant and animal health) 
and iv) social co-effects (e.g. employment impacts). We recommend that at least, a 
qualitative consideration of the co-effects should complement MACC analysis in all cases, 
either as part of the exercise or in a later step in the decision making process. 
3.6 Uncertainty assessment  
Robust policies that are able to achieve their objectives across a range of possible futures 
require uncertainties to be explicitly accounted for (Lempert and Schlesinger 2000). 
Uncertainty analysis has become part of economic assessments of GHG mitigation, 
particularly in global, multi-sector models of energy use (Peterson 2006). Agricultural GHG 
emission inventories, too, have seen improvements in uncertainty assessments (Milne et 
al. 2014). However, research on the economics of GHG mitigation in agriculture has rarely 
included uncertainty analysis, as the heterogeneity of the sector and the spatial and 
temporal variability of emissions pose particular challenges for uncertainty assessments. It 
is of concern that MACCs, as highly visual tools conveying complex information, may 
convey an impression of robustness without explicitly demonstrating the associated 
uncertainties.  
Where information on the uncertainty in the input variables is available, the uncertainty of 
the output variable can be calculated through Monte Carlo analysis (repeated model runs 
using a random sampling from the probability distribution of each input variable). Such 
analysis reveals the uncertainty of the cost-effectiveness and abatement potential of 
individual mitigation measures, as well as the uncertainty in the total cost-effective 
abatement. The UK MACC, as used for crop and soil management measures in Scotland, 
showed that there is up to 54% chance that the real cost-effective abatement potential is 
only ⅔ (or less) of the abatement potential estimated by the MACC (Eory et al., submitted). 
The analysis also highlighted that the most important contributors to the uncertainty were 
the adoption and abatement rates of the measures. 
In cases where a full uncertainty analysis is constrained, a sensitivity analysis may be used 
instead as a quicker option that can still reveal important information about the results, as 
exemplified by the latest UK MACC, which explored the sensitivity for over 200 input 
variables (Eory et al. 2015). The sensitivity analysis for cover crops, for example, showed 
that a reduction in the nitrogen leaching coefficient (FracLEACH) from 45% to 35% reduces 
the abatement potential of the measure by 19%, while an increase in the seed costs 
increases its cost-effectiveness by 18%. 
Finally, a third approach to accounting for uncertainty involves the generation of scenarios 
to explore the effect of diverting initial assumptions. For example, the UK MACCs included 
scenarios on public and private discount rates, as well as scenarios on low, central and 
high uptake of individual measures.     
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As a visual summary of the points above, Figure 2 provides guidelines on the construction 
on bottom-up national agricultural MACCs.  
 
 
Figure 2. Steps of constructing bottom-up national agricultural MACCs (* denotes optional steps) 
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4. Discussion 
MACCs typically show a ‘hypothetical’ or technical abatement potential that could be 
reached if all measures to reduce GHG were implemented by all farmers on whose farms 
measures can be applied, rather than a projection of the magnitude of abatement that is 
likely to be generated. However, the latter is difficult to estimate in MACC studies, as 
uptake and application of measures is predominantly dependent on the policies and 
incentives that MACCs themselves set out to inform. This discrepancy between potential 
gains and ‘making it happen’ is also known as the ‘think-do-gap’ (Schulte et al. 2017). In 
this section, we assess how policies and inventories can bridge this gap. 
4.1 Policy integration 
4.1.1 Cost-effectiveness and incentives 
A wide range of policy tools is required for the incentivisation of the full variety of mitigation 
measures, given the differences in cost-effectiveness and types of intervention. Cost-
beneficial measures (left-most measures in Figure 3) cannot currently be incentivised 
through direct financial support in the EU, as CAP Pillar 2 payments can only be used to 
compensate farmers for income foregone and additional costs incurred. However, in many 
cases, adoption of these measures can be incentivised by addressing the information gap 
that can be behind the low adoption of some of these measures. Examples of such 
incentivisation include the development of the Carbon Navigator in Ireland; a simple 
decision support tool that helps farmers identifying opportunities for further gains in 
efficiency (Murphy et al. 2013). The development of nitrogen fertilisation recommendation 
systems also falls in this category. 
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Figure 3. Relationship between cost-effectiveness and incentivisation 
On the other end of the scale (right hand side of Figure 3) expensive measures are unlikely 
to be taken up unless direct financial support is provided, both for initial investments and 
operational costs. Examples of such support may include capital grants, feed-in tariffs and 
maintenance support. 
Cost-neutral measures may neither be incentivised through direct financial supports, since 
the costs are too low and therefore ineligible (Murphy et al. 2013), nor through information 
campaigns, since the financial benefits are insufficient to induce change through economic 
incentivisation alone. For these measures, special attention is given to the potential co-
benefits associated with their implementation, to other aspects of environmental or social 
sustainability. For example, gains in nitrogen efficiency will not only reduce nitrous oxide 
emissions, but also losses of nitrate and NH3 emissions, which are regulated under the EU 
Nitrates Directive (European Commission 1991) and National Emissions Ceiling Directive 
(European Commission 2016), respectively. While such measures may not be cost-
effective when considering only the resulting reduction in GHG emissions, this may change 
when all financial co-benefits are considered, as we have shown in Section 3.5 above. 
Organisational innovations, such as the establishment of collective anaerobic digesters, 
may also be incentivised to increase cost-efficiency of these measures and thus fostering 
their adoption. 
Finally, the considerable scope for low-cost carbon storage in soils identified in the French 
MACC and other national and international studies (e.g. Schulte et al. 2013), has played a 
leading role for promoting the “4‰ initiative” which was launched during the COP 21 Paris 
meeting (Ministère de l'agriculture, de l'agroalimentaire et de la forêt 2015). At the 
European level, the first pillar of the CAP has introduced the principle of a ‘green payment’. 
Although only modestly ambitious, some of the measures are likely to protect soils and 
landscape features thus indirectly protecting soil C stocks, such as the protection of 
permanent pasture, the ban on ploughing in designated areas or the obligation to maintain 
ecological focus area on at least 5% of the arable area. More recently, the proposed Effort 
Sharing Regulation under the EU Climate and Energy Framework for 2030 introduces the 
concept of ‘flexibility’ to allow Member States to account explicitly for soil carbon changes in 
meeting their 2030 GHG reduction targets, subject to conditions. This aims to encourage 
Member States to develop specific measures within their Rural Development Programmes 
under the second pillar of the CAP. Schulte et al (2016) developed an early example of a 
framework for such national policy development, in which they proposed a suite of 
measures for different soil types and farming systems in Ireland, to either reduce soil 
carbon emissions, maintain soil carbon stocks, or augment soil carbon sequestration 
(Figure 4). 
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Figure 4. An example of a national framework for climate-smart land management, where incentives are tailored to soil type 
and farming systems in order to achieve maximum effectiveness (Schulte et al. 2016) 
4.1.2 Policy packages  
Implementation of mitigation measures and capitalising on their full potential is more 
effective when incentives are introduced as support packages that combine aspects of 
technical, financial and advisory or administrative support.  
For example, in France, anaerobic digestion has received a strong support because it is at 
the crossroad of several strategic public policies (mitigation of climate change, renewable 
energy, agriculture and rural development). Therefore, the program “Energy, anaerobic 
digestion and nitrogen autonomy” was launched in 2013 by the French ministry of 
agriculture, food and forestry and the French Ministry of ecology, sustainable development 
and energy (Ministère de l’agriculture, de l’agroalimentaire et de la forêt, 2013). The 
objective is to reach 1000 on-farm anaerobic digesters by 2020 from a base of 90 in 2012. 
The program includes a combination state subsidies (feed-in tariff for “green electricity” 
produced from biogas and an annual 33 M€ to support investment), technical support from 
the French Environment and Energy management Agency (ADEME) and a simplification of 
administrative procedures (http://www.developpement-durable.gouv.fr/Le-Plan-Energie-
Methanisation,32028.html). 
Likewise, Scotland has published the draft of its third climate change plan, which details 
existing and proposed ‘policy packages’ to support mitigation in all sectors (Scottish 
Government 2017). An example is the policy package aimed at reduced emissions from 
nitrogen fertilizers, which comprise information provision on precision farming, a potential 
establishment of a national nitrogen target, and the introduction of regular compulsory soil 
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tests. The soil test will at first cover pH, and may, at a later stage, also include phosphorus 
and potassium tests. Farmers will receive tailored information on opportunities for soil 
improvement, along with their tests results.   
The Irish first National Mitigation Plan, underpinned by national legislation, sets a policy 
objective of carbon neutrality in the agriculture and land use sector which doesn’t 
compromise sustainable food production. The rolling agri-food strategy process, renewed 
every five year, (Agri-Food 2010, Agrivision 2015, Food Harvest 2020 and Food Wise 
2025) has been outstandingly successful at engaging the whole sector in the development 
of a common vision. One example of the policy package in Ireland is the development of a 
beef data and genomics scheme which aims to improve the carbon efficiency of the suckler 
beef herd by improving the maternal characteristics of cows selected for breeding. The 
reliability of this breeding strategy is enhanced by genomically testing the breeding animals. 
Without correcting the maternal genetic potential, progress would be very slow in achieving 
the goal of producing a live calf per cow per year. Gathering on-farm data, along with DNA 
samples builds up a detailed picture of the range of animals in the national herd. The 
identification of the animals with superior genetic merit for a range of traits ultimately allows 
for individual farmers to help in driving change at the farm level. Furthermore, this data 
allows breeding programmes to focus on important long terms goals, such as efficient 
animals that produce less emissions and products that align with consumer preferences. 
This livestock improvement requires intimate cooperation between scientists, farmers, the 
state, and private companies. 
4.1.3 Point of initiative: farmers, supply chain, consumers  
Traditionally, incentivisation has focussed on farmers as the point of initiative. Experience 
has learnt that, even in cases where farmers are receptive to discussing climate change, it 
is difficult to incentivise managerial or technological changes when the benefits of actions 
by individuals to mitigating global change are difficult to convey. However, it is possible to 
communicate financial benefits that apply to farm level. In Ireland, this approach led to the 
development of the aforementioned Carbon Navigator, in which climate change mitigation 
is treated as a co-benefit to more profitable and efficient farming. The Navigator does not 
feature technical terminology such as nitrous oxides or methane, instead it lists 
management criteria that farmers are familiar with such as calving interval and manure use, 
and for which they can specify their own targets that they feel are within reach given the 
unique circumstances on their farm. 
Whereas farmers cannot be expected to become experts in climate mitigation per se, such 
expertise is not out of reach for companies further upstream in the value chain. Since many 
large scale processing companies have shown capacity to recruit specific scientific 
expertise on GHG mitigation options for their supply base, there is merit in exploring the 
potential benefits of moving the point of initiative from individual farmers to processors or 
food companies. Early examples of this include initiatives by Arla (company level) and 
Origin Green (national level): 
The GHG-emissions per litre of produced milk are quite low in Denmark, as milk production 
per cow is very high. Maintaining a frontrunner position in that regards is generally seen as 
an important competitive advantage in the Danish dairy sector. Therefore, as a service to 
their supplies (and owners) the largest Danish dairy cooperative, Arla, conduct free climate 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
18 
checks on dairy farms. This consulting service is aimed at identifying profitable initiatives on 
the farms, which can also reduce GHG emissions. Similarly, the Danish meat processing 
company, Danish Crown, is currently doing a project on GHG footprint within major product 
categories in collaboration with Danish retailers. In Ireland, the Origin Green sustainability 
programme was launched in June 2012, and has since been adopted by the food and drink 
sector.  As the first national programme of its kind to be rolled out in the world, it capitalises 
on sustainability as a point of differentiation of Irish food and drink products. At farm level, 
this translates into sustainability measures being built into 18-monthly inspections, which to 
date have covered more than 70,000 beef and dairy farms. Similar programmes are 
currently being rolled out for pigs, poultry, lamb, grain and horticulture. The broadening 
scope of the farm element of the programme to incorporate water, biodiversity, energy and 
socio-economic information reflects the ongoing evolution of the programme to ensure that 
it accounts for potential co-benefits and trade-offs between the various aspects of 
environmental sustainability. 
A third option is to consider consumers as an appropriate point of initiative. A reduction in 
meat consumption has repeatedly been proposed as an effective approach to reducing 
GHG emissions. Diet related emissions of UK high meat-eaters were found to be 28%, 
54%, 84%, 89% and 149% higher than medium meat-eaters, low meat-eaters, fish-eaters, 
vegetarians and vegans, respectively (Scarborough et al. 2014). Therefore, decreasing red 
meat and especially beef consumption and increasing plant protein intake has been seen 
as a primary or most effective way of decreasing climate impacts of food (Hallström et al. 
2015). However, even significant reductions in red meat consumption may have only small 
effects on agricultural GHG emissions if red meat is substituted by other livestock products 
such as poultry meat, eggs and dairy products as they also have high GHG emission per 
kg of digestible protein. For example, Lehtonen & Irz (2013) found unchanged GHG 
emissions from Finnish agriculture if red meat consumption was reduced by 20%. This 
result is explained by three main factors: farm subsidies partly coupled to production in less 
favoured areas, an increase in dairy product consumption and, to a small extent, a 
decrease in beef imports. . 
However, one of the major co-benefits of reduced livestock product consumption can be 
improved human health (McMichael et al. 2006), though a healthy diet does not necessarily 
mean lower GHG emissions (Vieux et al.2012; Tom et al. 2015). “Climate smart” (i.e. 
sustainable and healthy) diets have many aspects, opportunities and national challenges 
(collected by e.g. Mattila, 2016), such as biodiversity, eutrophication, acidification and 
social, cultural and economic dimensions. 
4.2 Capturing GHG reductions in inventories 
For a mitigation measure to be captured in the national inventories (and therefore “receive 
credit”), not only it has to be effective but also the effect has to be captured by the 
estimation methods used by the country. The IPCC general approach to the calculation of 
emissions for a given emission category is based on two elements: ‘activity data’ and 
‘emission factor’, where both can be the result of simple measurements, complex 
calculations or models, or even taken from literature. There are many impediments to the 
capture of mitigation measures in inventories; including: 
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● The absence of a specific emission factor: where a new mitigation measure is 
premedicated on a reduced emission factor, this must be scientifically confirmed in 
multi-annual experiments, published and approved by the UNFCCC review, before 
the specific emission factor can be included in the inventory; 
● The absence of activity data; whilst some activity can be readily measured or 
estimated (e.g. national fertilizer consumption), the collection of other activity data 
such as farm facilities or husbandry practices may require extensive and costly field 
surveys; 
● Incomplete knowledge on the mechanisms underpinning a mitigation measure, and 
hence its potential synergistic and antagonistic GHG effects at the farm scale; 
● The accrual of GHG emission reductions outside the national boundaries, or the 
sectoral boundaries of the inventory report, like the inter-relatedness of the 
agricultural and LULUCF inventory which is reflected in the EU Effort Sharing 
Regulation Proposal (European Commission 2016b). 
 
From the practical point of view, differentiating activity data and emission factors might not 
be sufficient to understand whether the effect of a mitigation measure can be measured 
and reflected in the inventories. Leip et al. (2017) proposed a classification of mitigation 
measures according to the way they effect emissions into ‘mitigation mechanisms’ and a 
distinction between data easily collected from statistics and information requiring 
experimental measurements or models. This could provide an easy understanding of how 
much effort is needed for the inclusion of a mitigation measure into a particular emission 
inventory. 
Furthermore, to support aspirations to give full credit to emission reducing activities, activity 
data and emission factors need to be built in the calculations at a level which allows 
identifying the changes in agronomic practices rather than only a change in aggregate 
resource use. For example, if soil nitrous oxide emissions arising from the use of synthetic 
fertilisers are calculated from aggregate synthetic nitrogen fertilizer use then the emission 
reduction due to growing more legumes will be reflected in the inventory, but cannot be 
traced down to the increase in legume growing areas (“blind capture”). On the other hand, 
disaggregation by crop areas and respective average synthetic nitrogen fertiliser use allows 
for tracing back the mitigation to legumes (“full capture”). This traceability can be 
particularly important for policy evaluation. 
4.2 Concluding reflections 
In this paper, we reviewed a range of trajectories on the development of MACCs in 
European countries and beyond. While, on hindsight, these trajectories may give the 
impression of smooth, planned processes, the reality is that many of the MACCs evolved 
through a process of learning-by-doing. Each faced specific challenges, and developed 
unique solutions to overcome these challenges. The purpose of this paper, therefore, has 
been to collate the state-of-the-art, review the lessons learnt, and provide a more coherent 
framework for countries or research groups embarking on a trajectory to develop an 
agricultural MACC that assesses mitigations both within the farm gate and to the wider 
bioeconomy. 
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As authors and users of agricultural MACCs, we have learnt to appreciate the main 
purpose of engineering MACCs, which is not necessarily the accurate prediction of the total 
abatement potential and associated costs. Instead, their main purpose is to provide a 
coherent forum for the extremely complex discussions surrounding agricultural GHG 
mitigation, and to visualise opportunities and low-hanging fruit in a single graphic and 
manuscript. Despite their inevitable uncertainties and numerous assumptions, MACCs 
have proven to be effective levers to build capacity in both research and policy formation. 
Therefore, the journey of developing a MACC is at least as important as the final product. 
In this context, their efficacy is maximised when all actors are involved in the development 
of MACCs from the very start, including both disciplinary and generalist researchers, policy 
makers, Measurement, Reporting and Verification experts and practitioners. 
The extreme complexity of the interactions between the climate and the food system 
means that it is impossible to account for all possible mitigation measures, interactions or 
co-benefits, in the development of agricultural MACCs. We therefore recommend that the 
development trajectories of new MACCs include an a priori assessment of the low hanging 
fruit in their region of interest, to efficiently aid the process of incentivisation and policy 
formation. This, however, does not imply that assessments should be constrained to those 
measures that can currently be captured in inventories or incentivised in contemporary 
policies. As we have seen, policies and inventories can change, in some cases in response 
to the development of MACCs themselves. 
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